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Abstract: Nowadays, we are assisting in the exceptional growth in research relating to the devel-
opment of wearable devices for sweat analysis. Sweat is a biofluid that contains useful health
information and allows a non-invasive, continuous and comfortable collection. For this reason, it
is an excellent biofluid for the detection of different analytes. In this work, electrochemical sensors
based on polyaniline thin films deposited on the flexible substrate polyethylene terephthalate coated
with indium tin oxide were studied. Polyaniline thin films were abstained by the potentiostatic
deposition technique, applying a potential of +2 V vs. SCE for 90 s. To improve the sensor perfor-
mance, the electronic substrate was modified with reduced graphene oxide, obtained at a constant
potential of −0.8 V vs. SCE for 200 s, and then polyaniline thin films were electrodeposited on top of
the as-deposited substrate. All samples were characterized by XRD, SEM, EDS, static contact angle
and FT-IR/ATR analysis to correlate the physical-chemical features with the performance of the
sensors. The obtained electrodes were tested as pH sensors in the range from 2 to 8, showing good
behavior, with a sensitivity of 62.3 mV/pH, very close to a Nernstian response, and a reproducibility
of 3.8%. Interference tests, in the presence of competing ions, aimed to verify the selectivity, were
also performed. Finally, a real sweat sample was collected, and the sweat pH was quantified with
both the proposed sensor and a commercial pH meter, showing an excellent concordance.
Keywords: pH sensor; sweat; polyaniline; wearable sensor; electrochemical sensor; reduced graphene oxide
1. Introduction
In recent years, wearable sensors (WS), able to test body fluids such as blood, urine,
saliva, tears and sweat, have recorded a rapid diffusion, due to their low-cost technol-
ogy [1–5] and the capability of continuously measuring changes in physiological param-
eters in real time [6–12]. For monitoring health conditions, it is possible to analyze the
analytes contained in different body fluids, especially in sweat, since it is very easy to
collect and allows easy measurement of biomarkers. Sweat also offers higher volumes than
other body fluids and makes the placement of the sensor in different body areas possible,
without impeding the natural movements [13,14]. The possibility of using non-invasive
measurement systems is of extreme importance in extremely sensitive patients, such as
those suffering from neurodegenerative diseases or in children [8,15]. In this perspective,
electrochemical sensors appear to be very interesting because they allow carrying out
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analyses in situ, are fast, reliable and inexpensive and also do not require highly specialized
personnel [16–18].
A wearable electrochemical sensor benefits from the sweat produced by the eccrine
glands, a colorless liquid with a variable composition depending on the part of the body
considered. Eccrine sweat is clear and odorless, and it is composed of 98–99% water; it also
contains NaCl, fatty acids, lactic acid, citric acid, ascorbic acid, urea and uric acid [19]. It is
important to know the concentration intervals of electrolytes and metabolites contained in
sweat. The deviation from the typical values allows a fast diagnosis of specific diseases. For
example, concentrations outside the normal range for chloride and sodium ions become
a parameter for the diagnosis of cystic fibrosis [20], and alterations in potassium ions
are a symptom of decompensated diabetes mellitus and hypoaldosteronism [21], while
abnormal values of uric acid are symptomatic of gout formation [22]. Another crucial
parameter for the diagnosis of diseases is the sweat pH. It reflects the level of metabolism
and homeostasis of the body [23], and a decompensation in its values can help to identify
the onset of different diseases. Patients with type II kidney stones or diabetes have a lower
pH than normal values [24], while pH variations outside the range of 4–8 are symptoms of
skin disorders, such as dermatitis, ichthyosis, fungal infections and acne [25]. Furthermore,
values up to pH 9 have been found in patients affected by cystic fibrosis [26] due to the
defect in bicarbonate reabsorption. Moreover, as reported in [27], the monitoring of the pH
during exercise can be very useful to predict the onset of metabolic alkalosis.
Different materials have been proposed to fabricate sensors for pH measurement
such as iridium oxide [28], carbon [29], poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) [26], polyaniline/polyurethane [30], gold/polyaniline [31], palladium/palladium
oxide [32], graphite [33] and graphite-polyurethane [34]. Polyaniline (PANI) is a very
important material for the technological development of all solid-state pH sensors, and,
in fact, several PANI-based electronic devices have been developed for very different
applications [35]. This is the oxidative polymeric product of aniline typically carried out
under acidic conditions to impart specific properties to the polymer [36,37]. PANI can
exist in three different, non-conducting oxidation states: leukoemeraldine, pernigraniline
and emeraldine oxidation forms. The only conductive form of PANI is the emerald salt,
obtained by doping or protonation of the emeraldine base [38]. PANI thin films offer inter-
esting electrochromic properties when subjected to an electric field that induce changes
in the polymer color, from yellow to green, or to dark blue, according to reduction or
oxidation [39]. Moreover, PANI showed excellent pH sensitivity when utilized in different
types of PANI-based pH sensors [40]. PANI films can be obtained by different fabrication
methods such as in situ chemical oxidative polymerization [41], γ-irradiation [42], spraying
and drop casting [43], plasma polymerization [44], Buchwald–Hartwig polymerization [45],
dip coating [46], spin coating [47] and electro-polymerization [48]. Among the different
manufacturing methods, the electrochemical one appears extremely interesting because
it is fast, easy to scale and simple. Furthermore, it allows obtaining different materials in
different morphologies, successfully applicable and with excellent results in different elec-
trochemical devices [49–57]. In particular, in the case of PANI, the electrodeposition method
is very suitable because it permits controlling its physical-chemical characteristics [58–61].
In this work, an electrochemical pH sensor based on PANI was studied. A flexible
substrate, polyethylene terephthalate coated with indium tin oxide (ITO-PET), was elec-
trochemically covered with PANI. To improve the sensor performance, electrodes were
also modified by electrochemical deposition of reduced graphene oxide (rGO). In fact, as
reported in our previous works, the excellent electrocatalytic properties of rGO ensure the
increase in the sensitivity of electrochemical sensors [56,62]. In particular, we developed
a simple process divided into two very short stages (first stage: deposition of rGO; sec-
ond stage: deposition of PANI), which allows obtaining a double-layer electrode quickly
and easily. In the vast majority of the literature data, rGO/PANI electrodes are obtained
with different methods (chemical, hydrothermal, in situ polymerization) that are more
complicated and time-consuming and which also require numerous reagents [63–66]. The
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only paper comparable to ours is that of Xue et al. [67], where, however, the electrode
preparation procedure is really long and complex compared to the one proposed by us.
The electrodes were tested as pH sensors using different buffer solutions, from 2 to 8,
by the open circuit potential (OCP) technique. The ITO-PET/rGO/PANi electrodes show
excellent features in terms of sensitivity and reproducibility. In addition, interference tests,
in the presence of competing ions typically present in sweat, were conducted. Finally, the
sweat pH of a real sample was quantified with both the proposed sensor and a commercial
pH meter, showing excellent results.
2. Materials and Methods
2.1. Chemicals and Apparatus
ITO/PET sheets (resistivity 60 Ω·cm), acetic acid, potassium dihydrogen phosphate,
potassium hydroxide, trisodium citrate and sulfuric acid were purchased from Sigma
Aldrich, while aqueous graphene oxide suspension (4 mg/mL) came from Graphena.
Sodium acetate, aniline and potassium hydrogen phosphate were purchased from Merck,
and the buffer solution came from Hanna Instruments. 2-Pure propanol, glacial acetic
acid, potassium chloride, hydrochloric acid and ammonia (28% vol) were purchased from
Carlo Erba reagents. All chemicals were used as received and dissolved in ultrapure water
(Type 1, with a resistivity greater than 18 MΩ·cm).
The electrochemical fabrication and characterization were carried out by means of
a PARSTAT 2273 potentiostat, employing a three-electrode cell in which the reference
electrode was a saturated calomel electrode (SCE), the counter electrode was a platinum
mesh and the working electrode was the PANI-based electrode.
Electrodes were characterized by X-ray diffraction (XRD) using a RIGAKU diffrac-
tometer (model: D-MAX 25,600 HK). All diffractograms were obtained in the 2θ range from
5◦ to 100◦, with a step of 0.02◦ and a measuring time of 0.5 s for the step, using copper Kα
radiation (λ = 1.54 Å), a tube voltage of 40 kV and a current of 60 mA. Diffraction patterns
were analyzed by comparison with the literature data.
Morphology and uniformity were analyzed by scanning electron microscopy (SEM)
using a FEI FEG-ESEM (model QUANTA 200) equipped with an X-ray energy-dispersive
probe (EDS) that was used to evaluate the elemental composition of the samples. SEM
and EDS analyses were performed on different areas of the samples in order to verify their
homogeneity and uniformity.
FT-IR/ATR analysis (Perkin-Elmer FT-IR/NIR Spectrum 400 spectrophotometer) was
carried out in order to investigate the chemical surface properties of the samples. Four
accumulation scans with a resolution of 4 cm−1 were collected for each sample in the range
4000–450 cm−1.
An FTA 1000 (First Ten Ångstroms, UK) instrument was used to perform the static
contact angles measured by using the buffer at different pH as fluid. In particular, a droplet
of solution (~4 µL) was dropped on the surface of electrodes, and the images were taken
after 10 s.
2.2. Electrode Fabrication
Prior to deposition, the ITO-PET substrate was ultrasonically cleaned for 5 min in
isopropanol, rinsed with ultrapure water and dried at room atmosphere for further use.
An ITO-PET sheet was employed as a substrate with the aim to ensure some flexibility in
the sensors. The sensors were obtained by electrodeposition of polyaniline following the
procedure detailed in [68] by use of an electrolytic solution of 100 mM of aniline in 1 M of
H2SO4. In order to deposit PANI, the potentiostatic deposition technique was employed,
applying a potential of +2 V vs. SCE for 90 s, in a standard electrochemical system with
three electrodes at room temperature. After the deposition, the film was gently rinsed with
distilled water and dried at 50 ◦C for an hour.
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In order to improve the performances of the electrode, a thin film of reduced graphene
oxide was deposited on the ITO substrate prior to the deposition of the PANI film. [69]. In
particular, 0.5 mg/mL of GO suspension was dissolved in acetate buffer solution (pH 5.4),
and the deposition was carried out at a constant potential of −0.8 V vs. SCE for 200 s.
The electrodeposition of PANI on this obtained substrate followed the process previously
shown. The produced electrodes offered a surface area of about 0.8 cm−2.
2.3. Electrochemical Detection of pH
The open circuit potential (OCP) technique was used for sensor characterization and
optimization. All measurements were conducted at room temperature for a time of 250 s
in order to determine the sensor response speed to reach the stationary state. The sensors
were placed on buffer solutions at different pH (range between 2 and 8) to simulate the
typical values of human sweat. In particular, the buffer solutions at different pH were
phosphate buffer solutions (pH 6–8), acetate buffer solution (pH 4–5) and citrate buffer
solution (pH 2–3). The change in the OCP value that depends on pH was measured. With
the aim to evaluate the selectivity of the sensor towards H+ ions, interference tests were
carried out in the presence of ions commonly present in sweat such sodium, chloride,
ammonium and potassium. The selectivity of the sensor was studied at pH 6 because it is
very close to the average value of real human sweat samples. All experiments were carried
out 3 times, and the average value of these experiments was plotted.
2.4. Sweat Collection and Testing
In order to validate the sensor, sweat was collected from a healthy subject following
the method proposed in [70]. After collection, sweat was tested without any other pre-
treatment. Sweat pH was measured using a HANNA pH meter (HI 2210).
3. Results and Discussion
3.1. Electrode Fabrication and Characterization
PANI was deposited on the working electrode by potentiostatic deposition in a so-
lution of 1 M H2SO4, and 100 mM of aniline was added. During the electrochemical
deposition (Figure 1A), after 60 s, the current density reaches a plateau at about 12 mA cm−2,
attaining the formation of a very homogeneous working electrode of a green color, Figure S1.
In order to verify the deposition of PANI, XRD analysis was carried out. Figure 1B
shows the XRD diffraction pattern of PANI on the ITO glass substrate. The ITO glass
substrate was used to avoid the very broad diffraction peak of PET that is located in the
2θ range from 20◦ to 30◦ [71], where the main diffraction peaks of PANI are also present.
The peaks at 29.43◦, 34.17◦ and 50.09◦, reported in the inset, were attributed to the ITO
glass substrate. The peaks located at 9.67◦, 19.47◦ and 25.45◦ were attributed to PANI for
comparison with the literature data [72,73]. The high intensity of PANI peaks is due to the
formation of a thin polymer layer with a good crystallinity which, as reported in [72,73],
indicates a good conductivity of the PANI.
Figure 1C,D show SEM analysis of the electrode at different magnifications. It is
possible to notice the uniform deposition of PANI. In particular, the PANI layer is con-
stituted of a uniform layer where nano-plates and nano-flowers, typical of PANI, can be
observed [37,74].
With the aim to optimize the sensitivity of the electrode, the ITO-PET substrate was
modified with rGO before PANI deposition. By doing so, a double-layer rGO/PANI
electrode was obtained on the ITO/PET substrate. rGO was deposited in the potentiostatic
mode using an aqueous suspension of graphene oxide.
Figure 2A shows the deposition curve of rGO on the ITO-PET surface. As observed
in previous works [75,76], a steady-state current density (−150 µA cm−2) is achieved
after 100 s. The as-obtained substrate was then covered with PANI by electrochemical
polymerization (Figure S2). At the beginning of the deposition, the growth curves show a
different trend as the electrode/solution interface is different. Once the electrode surface is
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completely covered with PANI (according to the growth curves, this happens after about
20–30 s), the substrate no longer influences the deposition, and, in fact, the deposition
current density reaches a plateau of 11 mA cm−2, showing no significant changes compared
to PANI deposition on the ITO-PET surface.
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According to FTIR spectra, GO shows multiple bands ascribable to oxygen-derived
moieties, e.g., the broad band between 2500 and 3200 cm−1 is from the carboxyl COOH
groups forming hydrogen bonds. The characteristic peaks for carboxyl C=O were seen
at 1735 cm−1. The peaks at 1573 cm−1 and 1116 cm−1 are attributed to the aromatic C=C
group and C-O, respectively [78].
The PANI film shows two characteristic peaks in the presence of sulfuric acids, the
C=C stretching vibration of quinonoid and benzenoid rings at 1590 cm−1 and 1505 cm−1,
respectively [79]. Other peaks at 1308 cm−1 and 1202 cm−1 are attributed to C–N and C=N,
respectively. Additionally, peaks at 813 and 1147 cm−1 are assigned to the out-of-plane
deformation vibration for the 1,4 disubstituted benzene ring, γ(C–H), in the linear PANI
backbone and the B–NH+=Q stretching, respectively [80]. In the FTIR spectra of PANI/rGO,
we can clearly see that all characteristic peaks of PANI and some typical peaks of rGO are
shown. In particular, a new shoulder peak appears at 3235 cm−1, which was attributed to
the hydrogen bond interaction between PANI and rGO [81].
The C=C stretching vibrations of the quinonoid and benzenoid rings in PANI/rGO
shift from 1590 and 1505 cm−1 to 1580 and 1496 cm−1, respectively. The spectral red
shift phenomenon confirms that PANI-rGO nanocomposites have a certain degree of
conjugation due to the π–π interaction between PANI and rGO [81]. The oxygen-derived
moieties typical of GO are hardly visible in the PANI/rGO systems, thus suggesting the
effective reduction of GO during the deposition [78].
Figure 3B shows the contact angle (CA) measurements. As it can be observed, the CA
increases with the increase in pH according to the behavior found by Blinova et al. [82]. In
particular, the CA of PANI is closely related to the type of acid used for doping. The PANI
doped with 1 M H3PO4 is more hydrophilic than PANI doped with 1 M HCl [82]. In this
work, we used sulfuric acid, and we obtained lower contact angle values and, consequently,
a more hydrophilic surface. As expected [83], the presence of rGO makes the electrode
surface less hydrophilic, even if the contact angle values are still low and the surface can
therefore be considered hydrophilic. As we will see below, the electrode with rGO, despite
having a slightly lower wettability, is the one with the greatest sensitivity, indicating that
the excellent electrocatalytic properties of rGO prevail over its effect on wettability.
3.2. Electrochemical Detection of pH
The electrodeposited PANI was used as a sensing material to obtain a sensitive and
accurate sensor for pH. The pH values of the analyzed solution were correlated with OCP
measurements conduced for a time of 250 s. By the OCP values, the pH of the solution can
be calculated using Nernst’s equation:




E0 is the standard redox potential, R is the universal gas constant (8.314 J K−1 mol−1),
T is the temperature (◦K), n is the number of electrons involved in the electrochemical
reaction, F is the Faraday constant (96,485 C mol−1) and aH+ is the activity of hydrogen ions.
Figure 4 shows the obtained results using PANI/ITO-PET sensors. As it can be
observed in Figure 4A, the measurement time chosen is conservative, and, indeed, the
stationary state was already achieved after about 150 s. The slope of the calibration line,
Figure 4B, is about 38 mV/pH, with an R2 of 0.988. All measurements were carried out
three times, and the main values are reported with the standard deviation (SD). More
marked SDs were recorded for acid pH values, with the highest value of 19.7% for pH 2.
The SD gradually decreased with the increase in pH, reaching a very low value for pH
higher than 7. We think that this behavior is due to an instability of the ITO substrate
at an extremely acidic pH [71] which can cause its partial dissolution and therefore a
non-reproducible behavior.
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Figure 5A shows the OCP measurements of the PANI/rGO/ITO-PET electrode. In
comparison to PANI/ITO-PET, better results were obtained both in terms of the response
time and reproducibility. The measurement time of 250 s, in this case, is even more
conservative because the steady state is reached just after 50 s. The sensor shows an
excellent response of about 62.3 mV pH−1, Figure 5B, in line with the Nernstian ideal
response of 59 mV pH−1, with an R2 of 0.993 and a main standard deviation of 3.8%.
We attributed this better behavior of the electrode to the presence of rGO which acts
as a protective layer of the ITO substrate, inhibiting its partial dissolution in an acid
environment. Therefore, it can be concluded that the rGO/PANI double-layer electrode has
the better performance, and thus these types of electrodes were used for the interference
tests and for the analyses of real sweat samples.
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I order to verify the s lectivity of PANI-rGO-ITO-PET electrodes, the influence of
various interfering species present in the matrix of real samples of human sweat was
studied. In particular, interferences toward sodium, chloride, ammonia and potassium
ions and lactic acid [84,85] were tested. In detail, 25 mM of Na+ and Cl−, 0.45 mM of NH4+,
1.75 mM of K+ and 7.5 mM of lactic acid were injected into a PBS at pH 6. This value was
selected because it is the intermediate value of the pH of sweat that can vary from pH 4 to
8 [27]. The concentration of interfering agents was selected in order to simulate the sweat
composition. Tests were conducted measuring the OCP for 250 s. The results reported in
Figure 6 show that there are negligible interference effects in the pH determination, and the
maximum variation values of about 3.22% and 3.1% were recorded for NaCl and NH4Cl.
A negligible interference was also found when all interfering species were added together
in solution.
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In order to compare the performance of our electrodes with the data present in the
literature, in Table 1, the main principal parameters of the lectrochemical behavior of
different pH sensors are reported. As it is shown, the proposed sensor performances are
in line with those of the electrodes selected for Table 1. The good performance combined
with other advantages (flexibility, short preparation time, simplicity of the electrochemical
method, low preparation cost, easily scalability) make this sensor applicable on a large scale.
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Table 1. Comparison between pH electrochemical sensors.
pH Range Sensitivity Flexible EasyFabrication Interference Real Samples Ref
PI-PANI 5.5–8.5 58.6 Y N N.S. N.S. [86]





CPE-PANI 3–10 62.4 Y Y Ca
2+, Mg2+, K+,
Na+, NH4+
milk and apples [88]
LbL/(PANI-
GA/GO) 2–7 35.1 Y Y N.S. N.S. [89]
NH2-G/PANI 1–11 50.7 N Y N.S. N.S. [90]
PANI-NWs-
ITO 3–9 48 N Y N.S. N.S. [91]
PANI-PS 4–8 59 N Y N.S. N.S. [92]
PANI/PU 2–7 60 Y Y N.S. sweat [30]












Bandage-PANI 5.5–8 58 Y Y NaCl, KCl,Na2SO4
serum, SWS [95]
IrO2/G 3–8 79 Y N Na+, Cl-, K+, SA sweat [28]
ITO-rGO-




ITO: indium tin oxide; rGO: reduced graphene oxide; PANI: polyaniline; LA: lactic acid; PI: polyimide; CPE: carbon paste electrode;
LbL: layer by layer; GA: gum arabic; G: graphite; GO: graphene oxide; NWs: nanowires; PS: a polysaccharide; PU: polyurethane; GLU:
glucose; HYD: hydraine; DA: dopamine; CYS: cysteine; UA: uric acid; AA: ascorbic acid; GCE: glassy carbon electrode; GMC: graphitized
mesoporous carbon; SWS: simulated wound solution; N.S.: not studied.
4. Conclusions
In this work, wearable PANI-based sensors were manufactured for electrochemical
pH measurement. As a substrate for PANI electrodeposition, thin and flexible ITO-PET was
employed. To obtain the desired oxidation state, the emeraldine form, PANI electrodeposi-
tion was carried out by potentiostatic deposition. After manufacturing, ITO-PET/PANI
was tested as a pH sensor by measuring the OCP. The results show good reproducibility at
a neutral-basic pH but poor reproducibility at a lower pH; moreover, the slope of the cali-
bration line was low and far from the Nernstian values. Then, to improve the performance
of the sensor, rGO was added to the substrate prior to PANI deposition. Using the same
technique, ITO-PET/rGO/PANI double-layer electrodes showed a high reproducibility in
the whole pH scale between 2 and 8, also reporting a slope of 62.29 mV/pH, very close to
the Nernst value. In addition, the selectivity of the sensor was investigated using various
interferents, chosen from the possible ions and metabolites that can be found in sweat.
From the results obtained, it is possible to state that the selectivity in the pH detection of
the sensor is very good, with a maximum signal variation of 3.22%. In order to validate
the sensor, a real sweat sample was collected from a healthy subject and tested with both
the proposed sensor and a commercial pH meter, obtaining a very good concordance. This
experiment clearly shows the possibility of using this electrochemical sensor to quantify
the pH in real sweat samples.
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